To examine the relationships of geographically isolated paleo-island populations of Pogonomyrmex badius (Latreille 1802) in Florida we generated a phylogeographic hypothesis based on mitochondrial DNA (mtDNA) sequences. We found at least three distinct mtDNA lineages and a positive correlation between genetic and geographic distances. The relationships between nowadays isolated P. badius populations might resemble a long lasting separation due to either restricted gene flow caused by inbreeding, paleo-climatic events or the impact of novel invasive species. The current depletion of the only representative of the ant genus Pogonomyrmex in the south-eastern USA makes a more fine-scaled mapping of the remaining, small P. badius populations necessary to identify evolutionary distinct units for conservation purposes.
The paleogeographic history of Florida and its islands during Pleistocene with regular flooding of major parts of the Florida peninsula is well documented (Faught & Carter 1998; Froede 2002; Cunningham et al. 2003; Portell et al. 2003) . The general pattern is that animals expanded their range from their refuges with the end of the last glaciation period. This historical isolation of different populations of the same species could have created distinct strains (Ribera & Vogler 2004) with their own history and genetic composition. The genetic distinctiveness of those "paleo-island" populations might be further increased if the population structure is highly viscose.
Demographic responses to climate change and resulting range changes usually result in genetic manifestation, making them genetically traceable with adaptively neutral genetic markers (Hewitt 2000 ; Lessa et al. 2003) . Therefore, the genetic analysis of current Florida paleo-island populations might provide us with insights into historical events. In between numerous exotic ant species inhabiting the Florida peninsula, Pogonomyrmex badius (Latreille 1802) is considered "the closest approach to an endemic genus" (Deyrup & Trager 1986; Deyrup et al. 1988) . Pogonomyrmex badius was isolated in the xeric uplands of central Florida during Pleistocene (Deyrup & Trager 1986) . These isolated populations came again into contact after climatic changes at the end of the Pleistocene. Recently, colonization of Florida by aggressive, invasive species like Solenopsis invicta (Whitcomb et al. 1972; Deyrup et al. 2000; Cherry 2001 ) and abundant agricultural land use resulted again in a restriction of P. badius to more or less isolated island populations in remnant sand hill and scrub habitats. Therefore, the current populations of P. badius are the remains of formerly larger populations with a very restricted gene flow between them.
Retained ancestral polymorphisms can yield distinct phylogenetic relationships (Bulgin et al. 2003) . Therefore, assuming restricted gene flow between isolated "island" populations of P. badius even since Pleistocene, a DNA based cladogram should resemble the historical events of the withdrawal of P. badius into ice-age refuges before and after introduction of invasive species. Genetic distances should increase with geographic distances if the phylogenetic pattern between island populations is based on ancient colonization events rather than splitting of a wide population zone and subsequently random, but incoherent mutation events. To examine the relationships of geographically isolated populations of Pogonomyrmex badius in Florida, we analyzed population samples phylogenetically using mitochondrial DNA sequences.
M ATERIALS AND M ETHODS

Collection of Specimens
Specimens of Pogonomyrmex ( sensu stricto ) badius (Table 1) were collected from six populations throughout Florida (USA) and preserved in 70-100% Ethanol for later DNA analyses. Similarly, Pogonomyrmex ( Ephebomyrmex ) imberbiculus and four additional Pogonomyrmex ( sensu stricto ) species (Table 1) were collected as outgroup-specimens for later phylogenetic analyses. Subgenusclassification followed Bolton (1995) , whereas determination of species followed the keys of Taber (1998) and Cole (1968) , and was confirmed by independent researchers where possible (Table 1) .
Nestmates from the analyzed workers are deposited as pinned voucher specimens in the collections of Harvard University (Cambridge, MA, USA) and collections of P.S. Ward at University of California in Davis (USA) and preserved in 100% Ethanol (stored at -70°C) at Museum Koenig (Bonn, Germany).
DNA-Isolation
DNA was extracted from workers with their gasters removed by phenol/chloroform extraction (Gadau et al. 1996) , with the DNeasy Kit (Quiagen; following manufacturers tissue-protocol A for insects), or the Puregene Kit (Biozym/Gentra Systems, following the protocol of Gadau et al. 2003) . The latter two methods worked well for specimens conserved in 70% Ethanol, which was problematic for the phenol/chloroform extraction method. Genomic and mitochondrial DNA was not separated by this method. DNA was dissolved in low TE-buffer and the success of DNA-isolation was tested on agarose gels. Good samples were diluted 1:10 with HPLC-water to a final concentration of approximately 5-10 µM.
PCR
We amplified fragments of the Cytochrome c Oxidase I (COI, 1054 bp) and Cytochrome b (CytB, 439 bp) mitochondrial genes ( . Cycling parameters were 3 min at 95°C for initial denaturation, followed by 33 cycles of denaturing 30 sec at 95°C, annealing 60 sec at 45°C, and elongation 30 sec at 72°C; two final steps of elongation 90 sec at 72°C and cooling down to 4°C were added. Amplicons were purified by ammonium acetate-precipitation (Sambrook et al. 1989) or with the Quiaquick purification kit (Quiagen). Sequencing reactions were performed by SeqLab (Göttingen, Germany).
Sequence Analysis
Obtained sequences were analyzed on Personal Computers. Proof reading was accomplished by comparing the forward and reverse amplicons and aligning them in a text-program with subsequent use of ClustalX (Thompson et al. 1997) . Statistical analysis was performed with the programs PAUP 4.0b10 (Swofford 1998 ) and Mega 2.1 (Kumar et al. 2001) . All sequences are deposited in GenBank (Table 1) . For comparing population pairings we analyzed both types of sequences (COI, CytB) together or separately. Gene-trees were constructed in PAUP 4.0b10 using the Neighbor-Joining method (uncorr. p-distance; Kimura 2-parameter; HKY85; 100,000 bootstrap replicates), or Maximum Parsimony method (branch and bound search, 1000 bootstrap replicates).
We tested for a correlation of genetic distances with geographic distances between the analyzed populations. Geographic distances between samples were calculated with GPS data of Table 1 transformed into UTM-data (metric) and plotted against the genetic distances (uncorrected "p") calculated in PAUP 4.0b10 with the set of sequences used for constructing the gene-trees (Table 2). Between the Tallahassee samples, in which no detailed GPS-data were available, a geographic distance of 4 m was assumed.
RESULTS
Sequencing of both gene fragments resulted in general in 1493 base pairs used as characters in the subsequent phylogenetic analysis. Among the variable characters, 213 were parsimony-uninformative and 249 were parsimony-informative. Table 2 shows the absolute and p-distance between each sequence. Among the Pogonomyrmex badius samples there were 14 variable amino acids found among a total of 497.
Population pairings were identical with both sequences (COI, CytB) separately or together and either Neighbor-Joining (Fig. 1) or Maximum Parsimony analysis. We therefore show a tree based on both genes (Fig. 1) . The populations of Fort Pierce and Lake Placid grouped together, as did those from Withlacoochee and Ocala. The separation of the Fort Pierce/Lake Placid populations from the Titusville population (CPS125) was not supported in the MP analysis, and we considered them as one mitochondrial lineage. Moreover, the characters used for the Titusville population are based on the shortest of all sequences, as only one of the primer pairs yielded a sequence out of the single worker available. We justify the inclusion of this sample into the data because omitting it did not change the pattern shown in Fig. 1 , and it provided additional information about the putative range of the southern mtDNA-lineage. The grouping of the Withlacoochee/Ocala population lineage together with the Tallahassee population was well supported by high bootstrap values. Because our sampling was very limited, however, the dotted line in Fig. 1 should be seen as preliminary. Genetic distance showed a positive linear correlation with geographic distances between all population samples ( Fig. 2 ; n = 28, R 2 = 0.259, t = 3.011, P = 0.00573). By excluding the Titusville population because of their limited genetic information, this correlation became even stronger (n = 21, R 2 = 0.498, t = 4.341, P = 0.00035). To prevent a bias of those populations where two samples were available (Tallahassee, Lake Placid) compared to those with only one, we included only one of them (CPS204 and CPS234) and reanalyzed the data. This procedure did not increase the significance of correlation, but increased the R 2 value (n = 10, R 2 = 0.793, t = 5.540, P = 0.000547). This effect is mainly due to an exponential increase in genetic variability with distances over 100 km (62.14 mi).
DISCUSSION
Our analysis of mitochondrial DNA of Pogonomyrmex badius populations in Florida yielded three distinct lineages: (1) a southern lineage including samples from Lake Placid to Titusville, (2) a middle lineage including the Withlacoochee and Ocala populations, and (3) the northern lineage of the Tallahassee populations. The Withlacoochee and Ocala populations probably are more closely related to the Tallahassee populations. This view is further supported by a positive correlation of genetic with geographic distances.
The gene-tree and significant correlation of genetic and geographic distances suggest an ancient North to South movement of P. badius during its colonization of Florida with either very limited gene-flow back north, or less likely, higher mutation/fixation rates at the border of the expanding populations (Edmonds et al. 2004) . Over all, the genetic relationships between the different population samples of P. badius might reflect past paleo-climatic events with a long lasting separation of populations withdrawn to protected "island" areas, like those found in the Lake Wales Ridge (Deyrup & Trager 1986) . After the Pleistocene these populations might have come into secondary contact. This contact, however, did not lead to a sufficient flow and intermixing of the maternally inherited mitochondrial DNA before the P. badius populations were once again separated by anthropogenic devastation of their habitats, which was re-enforced by new and more competitive invasive species (Whitcomb et al. 1972; Deyrup et al. 2000; Cherry 2001 ).
This might be explained by the unique mating behavior of P. badius sexuals, and therefore dispersal of the gene carrying 'units' of this species. Mating behavior of P. badius is highly promiscuous (Page 1986; Crozier & Pamilo 1996; Rheindt et al. 2004) and makes gene flow between populations probable. However, there is also some indication for inbreeding, as females were reported to mate on their native nests, probably even with their brothers (Van Pelt 1953; M. Deyrup, Archbold Biological Field Station, Lake Placid/FL, pers. comm.) . Additionally, no data are available on the dispersal of P. badius females, e.g., no reports on huge mating swarms similar to other Pogonomyrmex species (Hölldobler 1976) . Rheindt (2003) showed that differences exist in allele frequencies of microsatellites (nuclear DNA) between three of the P. badius populations analyzed in this study (Withlacoochee, Ocala, Lake Placid). This was a first indication of either restricted gene flow between populations or rapid diversification in these distinct populations. As P. badius populations seem to show significant inbreeding (Rheindt 2003) , restricted gene flow is likely between them. This is further corroborated by our analysis of mitochondrial DNA variations obtained from six different localities in Florida.
Our analyses show clearly separated lineages and an increase of genetic distances with geographic distance.
A more fine-scaled mapping of P. badius populations will be needed to separate exactly the geographic range of the different mtDNA-lineages. However, we found at least three lineages which showed inter-population sequence variations that are normally found between Pogonomyrmex species (Strehl, unpublished data). Such phylogenetically distinct lineages, which are restricted in their geographical distributions might be characterized as Evolutionary Stable Units (ESUs), warranting protection because they may contain significant components of the evolutionary history of a species (Moritz 1994; Bulgin et al. 2003) . This is of special interest because Pogonomyrmex badius is considered to represent an endemic ant genus of Florida (Deyrup & Trager 1986) . It is also the only representative of the genus Pogonomyrmex east of Mississippi and the only North American Pogonomyrmex species with a substantial worker polymorphism (Taber 1990 ). Therefore, to protect the genetic diversity of the probably endangered ant species P. badius it is important to clarify the population structure and determine the range and extent of ESUs in Florida.
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